I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Biocides are antiseptics and disinfectants containing active chemical agents, which are extensively used as an integral part of hospital infection control activities.\[[@ref1]\] Bacteria vary in their susceptibility to these agents, with bacterial spores being the most resistant.\[[@ref2]\] Biocides have different modes of action against various groups of microorganisms. Chlorine-releasing agents such as sodium hypochlorite, which are widely used for disinfection of hard surfaces and blood spills, are highly active oxidizing agents and destroy the cellular activity of proteins. Hypochlorous acid has been considered the active moiety responsible for bacterial inactivation.\[[@ref3]\] Similarly, iodine is rapidly bactericidal, fungicidal, virucidal, and sporicidal as it penetrates into proteins and fatty acids of microorganisms, thereby leading to cell death.\[[@ref4]\] Quaternary ammonium compounds (QACs) are membrane-active agents, which primarily target the cytoplasmic membrane of bacteria leading to cell damage.\[[@ref5]\] Alcohols cause membrane damage and rapid denaturation of proteins, resulting in interference with microbial metabolism leading to cell lysis.\[[@ref6]\]

It has often been stated that widespread use of biocides may result in development of microbial resistance.\[[@ref1]\] Efflux pumps and cell wall damage have been implicated as possible mechanisms in both biocide- and antibiotic-resistant bacteria. Possibility of common genetic linkage for biocide and antibiotic resistance also exists.\[[@ref7]\] Usually "biocide resistance" is interpreted on the basis of minimum inhibitory concentrations (MICs), which reflect their activity against the most sensitive target site. When used at bactericidal concentrations, the concept of efficacy has little or no relevance. It is thus suggested that the term "reduced susceptibility" is relatively better than resistance.\[[@ref8]\] MICs are considered as the "gold standard" for determining the susceptibility of organisms to antimicrobials and are therefore used to judge the performance of all other methods of susceptibility testing. MICs are also used in diagnostic laboratories to confirm unusual resistance.\[[@ref9]\] However, no standard guidelines exist for testing biocide susceptibility.\[[@ref10][@ref11]\]

Antimicrobial resistance is spreading globally, thereby posing a serious threat to humankind. Possible linkage between biocide and antibiotic resistance is now a major topic of discussion and concern. The increased use of disinfectants such as phenolics and QACs has raised some concerns about their overall efficacy.\[[@ref12][@ref13]\] There is paucity of literature on the subject of biocide susceptibility in multidrug-resistant (MDR) bacterial isolates.\[[@ref14][@ref15]\] This study was conducted to evaluate the susceptibility of MDR bacteria to four commonly used disinfectants/antiseptics, to establish any possible correlation between antibiotic and biocide resistance.
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A pilot study was conducted in a tertiary care hospital situated in Rishikesh, Uttarakhand, India, from April to November 2017. Fifty-four MDR bacterial isolates (which were identified up to species level as per standard procedures)\[[@ref16][@ref17]\] were obtained from various clinical samples of inpatients such as pus, sputum, endotracheal aspirates, drain fluids, and urine. The test isolates included the following: *Escherichia coli* (*n* = 26), *Klebsiella pneumoniae* (*n* = 8), *Pseudomonas aeruginosa* (*n* = 10), and *Staphylococcus aureus* (*n* = 10). The antibiotic susceptibility profile of these isolates was generated using modified Kirby--Bauer disk diffusion method as per the 2017 Clinical and Laboratory Standards Institute guidelines.

The test isolates were subjected to tube dilution method by Mazzola *et al*.\[[@ref18]\] for determining MIC of four commonly used biocides in our hospital, namely 5% w/v povidone iodine (0.5% w/v of available iodine), absolute ethanol (99.9%), sodium hypochlorite (4% available chlorine), and QACs (3.39%), respectively.

Minimum bactericidal concentration (MBC) of these biocides was determined by subculturing from each of the tubes used for determining MIC onto nutrient agar plates, which were then incubated aerobically at 37°C for 24--48h. The highest dilution of biocide at which no growth was obtained on nutrient agar plates was taken as MBC. Similar tests were also performed on American Type Culture Collection (ATCC) *E. coli* 25922, ATCC *K. pneumoniae* subsp. *pneumoniae* 700603, ATCC *P. aeruginosa* 27853, and ATCC *S. aureus* 25923, which were used as control strains.

Categorical variables were presented as proportions. Categorical variables were compared using the Fisher exact test. All statistical tools were two tailed and a significant level (*P*-value \<0.05) was used. All statistical tests were performed using InStat software (GraphPad Software, San Diego, CA).
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The percentage antibiotic resistance pattern of all 54 MDR bacterial isolates has been shown in [Table 1](#T1){ref-type="table"}. The MIC and MBC results of ATCC bacterial strains for four commonly used biocides in our hospital have been shown in [Table 2](#T2){ref-type="table"}. The MIC and MBC results of test isolates for the biocides used in our study have been shown in [Table 3](#T3){ref-type="table"} and are summarized as follows:
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Percentage antibiotic resistance pattern of MDR bacterial isolates
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MIC and MBC results of ATCC bacterial strains for four commonly used biocides in our hospital
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Summary of MIC and MBC results of test isolates for four commonly used biocides in our hospital
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*5% w/v povidone iodine (0.5% w/v of available iodine)*: Among MDR *E. coli* isolates, one (3.85%) and four (15.38%) had higher MIC and MBC values, respectively, than their corresponding ATCC strain. All MDR *K. pneumoniae* isolates exhibited similar MIC and MBC values as those of their control strain. Two (20%) and five (50%) MDR *P. aeruginosa* isolates showed higher MIC and MBC values, respectively, when compared to their corresponding ATCC strain. Nine (90%) and eight (80%) isolates of MDR *S. aureus* exhibited higher MIC and MBC values than their corresponding control strain. Statistically significant difference in proportion of MDR S. aureus isolates exhibiting higher MIC values in comparison to MDR *E. coli, P. aeruginosa*, and *K. pneumoniae*, respectively, was observed (*P*-values: \<0.0001, 0.005, and 0.0004). The proportion of MDR *S. aureus* isolates exhibiting higher MBC values was found to be significantly greater than that of MDR *E. coli* and *K. pneumoniae*, respectively (*P*-values: 0.0006 and 0.001). The difference in proportion of MDR *S. aureus* isolates exhibiting higher MBC values than MDR *P. aeruginosa* was not found to be statistically significant (*P*-value: 0.35).*Absolute ethanol (99.9%)*: All MDR *E. coli* isolates exhibited similar MIC and MBC values as those of their corresponding ATCC strain. Although one of eight (12.5%) MDR *K. pneumoniae* isolates exhibited higher MIC, none of these had higher MBC values as compared to their corresponding control strain. Among MDR *P. aeruginosa* isolates, eight (80%) and five (50%) had higher MIC and MBC values, respectively, with respect to ATCC *P. aeruginosa* 27853. Although only one (10%) MDR *S. aureus* isolate had higher MIC, none of these isolates had higher MBC values than the corresponding control strain. The proportion of MDR *P. aeruginosa* isolates exhibiting higher MIC and MBC values was found to be significantly greater than that of MDR *E. coli, S. aureus*, and *K. pneumoniae*, respectively (*P*-values: \<0.0001 and 0.0007, 0.005 and 0.03, and 0.001 and 0.04).*Sodium hypochlorite (4% available chlorine)*: Seven (26.92%) and twelve (46.15%) MDR *E. coli* isolates exhibited higher MIC and MBC values, respectively, with respect to their corresponding control strain. Among MDR *K. pneumoniae* isolates, four (50%) and six (75%), respectively, had higher MIC and MBC values in comparison to their control strain. Two (20%) and six (60%) MDR *P. aeruginosa* isolates had higher MIC and MBC values, respectively, than the corresponding ATCC strain. All MDR *S. aureus* isolates had similar MIC and MBC values, respectively, as those of their corresponding ATCC strain. The difference in proportion of MDR *E. coli* isolates exhibiting higher MIC values as compared to MDR *S. aureus, K. pneumoniae*, and *P. aeruginosa*, respectively, was not found to be statistically significant (*P*-values: 0.15, 0.4, and 1.0). Significantly higher proportion of MDR *E. coli* isolates had greater MBC values than MDR *S. aureus* (*P*-value: 0.01). However, the difference in proportion of MDR *E. coli* exhibiting higher MBC than MDR *K. pneumoniae* and *P. aeruginosa* isolates, respectively, was not found to be statistically significant (*P*-values: 0.23 and 0.71).*QACs (3.39%)*: Nine (34.61%), six (75%), five (50%), and two (20%) MDR *E. coli, K. pneumoniae, P. aeruginosa*, and *S. aureus* isolates respectively exhibited higher MIC and MBC values in comparison to their corresponding ATCC strains. No statistically significant difference in proportion of MDR *E. coli* isolates exhibiting higher MIC and MBC values when compared to MDR *S. aureus, K. pneumoniae*, and *P. aeruginosa*, respectively, was observed (*P*-values: 0.68 and 0.68, 0.10 and 0.10, and 0.46 and 0.46).

Overall, 22 (40.7%) MDR bacterial isolates had higher MIC values for QACs (3.9%) than their corresponding ATCC strains. Of the MDR bacterial isolates, 10 (18.5%), 12 (22.2%), and 13 (24.1%) had higher MIC values for absolute ethanol (99.9%), 5% w/v povidone iodine, and sodium hypochlorite (4% available chlorine), respectively, than their corresponding control strains. The difference in proportion of test isolates exhibiting higher MIC values for QACs (3.9%) and 5% w/v povidone iodine, respectively, was not found to be statistically significant (*P*-value: 0.06; 95% CI of difference: 0.01--0.36). Although the difference in proportion of test isolates exhibiting higher MIC values for QACs (3.9%) and absolute ethanol (99.9%) was found to be statistically significant (*P*-value: 0.02; 95% CI of difference: 0.05--0.4), it was not so when MIC results of QACs (3.9%) and sodium hypochlorite (4% available chlorine) were compared (*P*-value: 0.09; 95% CI of difference: −0.01--0.34).

Twenty-four (44.4%) MDR bacterial isolates exhibited higher MBC values for sodium hypochlorite (4% available chlorine) than their corresponding ATCC strains. Of the test isolates, 17 (31.5%), 5 (9.2%), and 22 (40.7%) had higher MBC values for 5% w/v povidone iodine, absolute ethanol (99.9%), and QACs (3.9%), respectively, than their corresponding control strains. While the difference in proportion of test isolates exhibiting higher MBC values for sodium hypochlorite (4% available chlorine) and absolute ethanol (99.9%), respectively, was found to be statistically significant (*P*-value: \<0.0001; 95% CI of difference: 0.31--0.59), it was not so when MBC results of sodium hypochlorite (4% available chlorine) were compared with those of 5% w/v povidone iodine and QACs (3.9%), respectively (*P*-values: 0.23 and 0.84; 95% CI of difference: −0.05--0.31 and −0.15--0.22). The difference in proportion of test isolates exhibiting higher MBC values for absolute ethanol (99.9%) as compared to QACs (3.9%) and 5% w/v povidone iodine, respectively, was found to be statistically significant (*P*-values: 0.0003 and 0.0076; 95% CI of difference: 0.27--0.55 and 0.19--0.45).
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There is no concrete evidence on the subject of biocide resistance in medical literature. However, various recent findings have underlined the importance of biocide resistance as a clinically relevant phenomenon. Nosocomial outbreaks of biocide-resistant organisms have also been described.\[[@ref19]\]

In this study, 18.5%, 22.2%, 24.1%, and 40.7% of test isolates respectively showed higher MIC values for absolute ethanol (99.9%), 5% w/v povidone iodine, sodium hypochlorite (4% available chlorine), and QACs (3.9%) than their corresponding ATCC strains. The proportion of test isolates exhibiting higher MIC values for QACs (3.9%) was found to be significantly higher than absolute ethanol (99.9%). Likewise, 9.2%, 31.5%, 40.7%, and 44.4% of these isolates respectively exhibited higher MBC values for absolute ethanol (99.9%), 5% w/v povidone iodine, QACs (3.9%), and sodium hypochlorite (4% available chlorine) as compared to control strains. The proportion of MDR bacterial isolates exhibiting higher MBC values for sodium hypochlorite (4% available chlorine) was found to be significantly higher as compared to absolute ethanol (99.9%). Also, the proportion of test isolates exhibiting higher MBC values for absolute ethanol (99.9%) was significantly higher than that for QACs (3.9%) and 5% w/v povidone iodine, respectively. Statistically significant differences in susceptibility to 5% w/v povidone iodine and absolute ethanol (99.9%) respectively among different MDR bacterial isolates were also observed. In the light of these findings, it can be hypothesized that there exists a possible linkage between antibiotic resistance and reduced biocide susceptibility in bacteria.

Laboratory studies conducted by various researchers have shown that bacteria can become less susceptible to biocides, and cross-resistance may occur to other biocides as well as to antibiotics.\[[@ref19]\] Alexander *et al*.\[[@ref20]\] suggested that antibiotic-resistant organisms were generally more disinfectant resistant. Although not correlated, an important observation of his study was that high antibiotic resistance could lead to some biocide-resistant organisms. A study conducted by Stickler *et al*.\[[@ref19]\] provided preliminary evidence on emergence of MDR gram-negative bacteria resistant to chlorhexidine responsible for catheter-associated urinary-tract infections. In a study conducted by Vijayakumar *et al*.,\[[@ref21]\] it was seen that 18.2% and 45.5% of MDR *P. aeruginosa* isolates exhibited reduced susceptibility to QACs of benzalkonium chloride and cetrimide, respectively. Another important finding of this study was that there was no correlation between reduced susceptibility to biocides and multiple antibiotic resistance in *Acinetobacter baumannii* and *K. pneumoniae*, respectively.\[[@ref21]\] Naparstek *et al*.\[[@ref22]\] analyzed MICs of chlorhexidine across a large series of 126 isolates of extremely drug resistant *K. pneumoniae* using agar dilution method. These researchers reported that 90% isolates had high MIC values and reduced susceptibility compared with a control strain.\[[@ref22]\] Russell *et al*.\[[@ref23]\] revealed that chlorhexidine gluconate resistance in *Pseudomonas stutzeri* correlated with resistance to polymyxin B, gentamicin, erythromycin, and ampicillin. Bhatia *et al*.\[[@ref24]\] reported the first case of carbapenem-resistant *K. pneumoniae* (Cr-Kp) with reduced susceptibility to sodium hypochlorite (4% available chlorine) from India.

Similar findings have been observed among gram-positive cocci also. In a study conducted by Fraise,\[[@ref25]\] it was observed that enterococci exhibited intrinsic resistance to chemical agents. However, no clear relationship between antimicrobial resistance and resistance to chemical agents could be established among enterococci. In the same study, it was shown that some strains of methicillin resistant *S. aureus*, which had indeterminate resistance to glycopeptides, displayed reduced susceptibility to some biocides.\[[@ref25]\] A pilot study conducted by Bhatia *et al*.\[[@ref26]\] highlighted that more number of glycopeptide-resistant enterococci exhibited lower susceptibility to 5% w/v povidone iodine in comparison to glycopeptide-sensitive strains.
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Although inconclusive, the results obtained in our study are pointing toward reduced susceptibility of MDR bacterial isolates to commonly used biocides in hospital settings. The possibility of emergence of biocide resistance among MDR strains of *E. coli, K. pneumoniae, P. aeruginosa*, and *S. aureus* poses a serious threat to our efforts in containing outbreaks of nosocomial infections. Studies with larger data sets employing more antibiotics and biocides are needed to confirm or challenge the hypothesis of emerging biocide resistance among MDR bacterial isolates. Time kill studies complemented with genetic analysis of biocide resistance should be encouraged. Also, formulation of standardized testing methodologies for biocide susceptibility is need of the hour.
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